Low-temperature stress is an important factor affecting the growth and development of rice (Oryza sativa L.) in temperate and high-elevation areas. Cold stress may cause various seedling injuries, delayed heading and yield reduction due to spikelet sterility. In this study, 181 microsatellite marker loci were used to identify quantitative trait loci (QTLs) associated with cold tolerance at the vegetative stage in 191 recombinant inbred lines (RILs) derived from a cross of a cold-tolerant temperate japonica cultivar (M-202) with a cold-sensitive indica cultivar (IR50). Different temperature regimes were applied in growth chambers on 191 RILs. The temperature regimes imposed in the growth chamber simulated cold-stress injuries at the seedling and late vegetative stages. In this study a major QTL was identi®ed on chromosome 12, designated as qCTS12a, that was closely associated with cold-induced necrosis and wilting tolerance, and accounted for 41% of the phenotypic variation. A number of QTLs with smaller effects were also detected on eight rice chromosomes.
Introduction
Low-temperature stress is common for rice (Oryza sativa L.) cultivation in temperate zones and high-elevation environments. An important breeding objective of these regions is to develop cultivars tolerant to low temperatures at critical growth stages (Nakagahra et al., 1997) . In parts of south and south-east Asia, an estimated 7 000 000 hectares cannot be planted with modern varieties because of low-temperature stress (Sthapit and Witcombe, 1998) . In temperate-growing regions such as California (USA), cold temperature is an important stress that results in delayed heading or maturation and yield reduction due to spikelet sterility (Peterson et al., 1974) . Rice cultivars vary greatly in their tolerance to low temperature. The indica rice subspecies, associated with tropical environments, is more sensitive to low temperature. The more tolerant japonica subspecies is divided into tropical and temperate groups (Glaszmann, 1987; Glaszmann et al., 1990; Oka, 1988) .
During the early growth stages in rice, the occurrence of low-temperature stress affects seed germination that inhibits seedling establishment and eventually leads to non-uniform crop maturation. Rice plants are injured at the seedling stage when they are grown in early spring in temperate or subtropical environments. In a survey conducted by Kaneda and Beachell (1974) , the types of lowtemperature effects on seedlings can be manifested as poor germination, slow growth, discoloration or yellowing, withering after transplanting, reduced tillering, and stunted growth.
Screening for chilling sensitivity of different rice genotypes in breeding programmes commonly relies on visual observations under natural ®eld conditions. However, this type of screening is subject to genotypeQenvironment interactions and diurnal or random uctuations throughout the growing season and over years. Methods were also developed to assess cold tolerance under controlled conditions. These include chlorophyll uorescence analysis (Sthapit et al., 1995) , chilling survival tests using 10°C at the two-leaf stage (Bertin et al., 1996) , measurement of oxygen-scavenging enzymes (Saruyama and Tanida, 1995) , ABA or polyamines (Lee et al., 1993 (Lee et al., , 1995 , measurement of radicle growth (Saltveit, 2001) or seedling vigour (Redon Äa and Mackill, 1996) . In addition to these methods, a molecular approach measures mRNA derived from seedlings exposed to chilling temperatures (Yoshida and Kato, 1994) .
The diversity of symptoms of chilling injury in the various plant organs of sensitive species makes it dif®cult to ®nd a single explanation of cellular events associated with tolerance. It was hypothesized that rices with lowtemperature adaptation may maintain a greater capacity for phosphorylation of the light-harvesting protein complex of PSII (Gesch and Heilman, 1999) . Since the symptoms of chilling damage to photosynthesis depend on characteristics of the low-temperature treatment, such as the light level, it is necessary to determine which type of damage is important under natural conditions. The damage to the photosynthetic machinery of plants, subjected to different levels of chilling temperature, has been reviewed recently (Allen and Ort, 2001; Sonoike, 1998) .
Previous studies have indicated that rice response to low-temperature stress is complex and certainly controlled by more than one gene. However, genetic studies have indicated that chilling injury expressed as leaf withering is controlled by a major gene designated Cts2(t) and expression of leaf chlorosis by a gene designated as Cts1(t) (Nagamine, 1991) . Cts1(t) is a single dominant gene controlling resistance to leaf yellowing that was identi®ed earlier using 10-d-old seedlings screened at 12°C for 10 d (Kwak et al., 1984) . Misawa et al. (2000) conducted quantitative trait loci (QTL) analysis for cold tolerance at the seedling stage by subjecting plants to a temperature of 4°C for 3 d. They identi®ed ®ve QTLs that were associated with the low-temperature response, one each on chromosomes 1, 9 and 11, and two on chromosome 3. Kim et al. (2000) identi®ed a QTL for cold sensitivity on rice chromosome 5. Previous results also indicate that QTLs controlling booting-stage-cold tolerance (Andaya and Mackill, 2003) were not associated with seedling cold tolerance.
The mapping population used in this study was derived from a cross between a cold-tolerant California japonica cultivar M-202 and a cold-susceptible indica cultivar IR50 to locate QTLs responsible for cold tolerance at seedling stage. A growth chamber was used to simulate several cold-stress injuries and symptoms at the seedling or vegetative growth stage at different temperature regimes, and QTLs involved in their expression were identi®ed.
Materials and methods

Mapping population and microsatellite marker analysis
The derivation of the population used in mapping cold tolerance and marker analysis was as described in Andaya and Mackill (2003) . A cross between M-202 and IR50 was made to develop a recombinant inbred line population to map cold tolerance at the seedling and late vegetative stage. A mapping population of 191 recombinant inbred lines (RILs) in the F 6 generation was used to test for cold tolerance using a growth chamber.
DNA was extracted from leaf tissues following the protocol as described by Mackill (1995) . The protocol for the polymerase chain reaction (PCR) ampli®cation was modi®ed from Ni et al. (2001) . The samples were prepared in 96-well plates in a reaction volume of 15 ml containing1.5 ml PCR buffer (20 mM TRIS pH 8.0, 50 mM KCl, 2.5 mM MgCl2, 0.1 mM EDTA, 1 mM DTT, 50% glycerol), 50 ng DNA, 330 nM of each microsatellite primer pair (Research Genetics, Huntsville, AL, USA), 250 mM of each dNTP 330 nM rhodamine dye-labelled¯uorescent dUTP, and 0.6 units Taq polymerase. For the PCR performed in GeneAmp PCR System 9700 thermocycler (Perkin-Elmer), the conditions were as follows: 2 min hold at 95°C; 25 cycles of 95°C for 15 s, 55°C for 1 min, 72°C for 30 s; ®nal extension step at 72°C for 5 min. Protocols for electrophoresis using the ABI Prism 377 (Applied biosystems) DNA sequencer followed the manufacturer's recommendations. Fragment analysis was performed using the GeneScan software (Applied Biosystems).
Cold-tolerance screening Measurement of cold tolerance was done using a Conviron PGV36 (Controlled Environments Ltd., Winnipeg) walk-in growth chamber. Ten 400 W metal-halide lamps, ten 400 W high-pressure sodium lamps and 12 100 W incandescent bulbs, placed approximately 1.5 m above the chamber¯oor, provided the 12 h light period inside the growth chamber. The light intensity 60 cm above the¯oor was measured as 800 mmol m ±2 s ±1 while the relative humidity ranged from 75±85%. Two chambers were used for the experiment, one for each of the two temperature regimes for cold-tolerance screening at the seedling stage: (a) 9°C constant day/night temperature, and (b) 25/9°C day/night temperature regime.
The experiment was a randomized complete-block design with three replicates. The parental varieties were replicated 18 times to monitor the appearance of cold injury using nine germination trays (TLC Polyform Inc, MN, USA). Twelve seeds of each RIL were planted in Sunshine Mix No. 1 potting soil (SunGro, Bellevue, WA) on 23 July 2000. Seeds were allowed to germinate and grow until the 3-leaf stage in a growth chamber set at 25/20°C day/night temperature, 12 h photoperiod. At 14 d after seeding, the growth chambers were adjusted to their respective low-temperature regimes.
For the 9°C constant-temperature treatment, scoring was done at 8, 14, 16, and 18 d of treatment using the scale of 1 (tolerant, all leaves normal, no apparent visual injury) to 9 (susceptible, all leaves wilted, seedlings apparently dead) as described in the Standard Evaluation Systems in rice (Fig. 1A) (IRRI, 1988) . Instead of expressing the trait as overall cold tolerance, it was expressed as cold-induced wilting tolerance (CIWT) since the primary symptom of injury was wilting or withering as observed under more severe temperature conditions (Nagamine, 1991) . For the 25/9°C day/night temperature treatment, measurements were taken at 14, 18, and 28 d of treatment, and a score of 1 indicated that the plants were tolerant, had normal leaf colour and no growth retardation, while a score of 9 indicated that the plants were susceptible, leaves turned yellow and overall growth was stunted (Fig. 1B) . The trait was expressed as overall cold tolerance (CT).
To study the expression of tolerance at the later growth stages, 60-d-old plants were subjected to a 12°C constant temperature for 5 d. The results were expressed as cold-induced necrosis tolerance (CINT), where the injury was observed as necrotic spots on the stem and cold-induced yellowing tolerance (CIYT) observed in the leaves, measurement followed the scale of 1 (no necrosis, leaves green) to 9 (stem necrotic, leaves yellow).
QTL analysis
A total of 181 microsatellite marker loci were used in constructing the genetic map and in QTL analysis using the linkage software MAPMAKER 2.0 for the Macintosh computer (Lander et al., 1987) . The ®nal map had a total length of 1276.8 cM with the average distance between two markers of 7.1 cM.
The DOS-based program PLABQTL (Utz and Melchinger, 1996) was used for QTL analysis. To identify putative QTLs, the program performs composite interval mapping (Jansen and Stam, 1994; Zeng, 1994) by the multiple regression approach. The conditional expectations of QTL genotypes, given the observed marker genotypes at the¯anking marker loci, were calculated according to Haley and Knott (1992) using selected markers as co-factors. Critical threshold values of LOD scores for QTL detection by composite-interval mapping were calculated using the chi-square approximation suggested by Zeng (1994) and are equivalent to LOD=3.52 and 4.22 at experiment-wise error of P=0.05 and 0.01, respectively. The percentage of the phenotypic variation explained by the QTL was expressed as R 2 based on the output of the PLABQTL program.
Results and discussion
Phenotypic data
The RIL population exhibited all range of scores from 1±9 even at later scoring dates (Table 1) . CINT scores could be classi®ed as either susceptible (7±9) or tolerant (1±3), Tolerant materials similar to M-202 were given a score of 1 and susceptible materials similar to IR50 were given a score of 9.
while CIYT was skewed towards the tolerant type (data not shown). Score distribution was normal for CT and CIWT at later scoring dates, although a greater number of RILs were categorized in the extreme classes. Correlation analysis indicated that the only signi®cant relationship was between CINT and CIWT (r=0.76, P <0.01). Overall, the continuous distribution and higher frequency of parental classes indicated that major, as well as minor, genes contributed to the cold-tolerance traits. For all the cold-tolerance categories, M-202 retained its tolerant score at all scoring dates whereas IR50 was susceptible even in the early scoring periods. The scale used to score cold tolerance, based on the degree of wilting and necrosis (Fig. 1A) and degree of yellowing and stunting (Fig. 1B) , approximated conditions where plants were exposed to a constant severe stress and a situation where stress was only experienced during the night. The ability of plants to recover after relief from stress is also an important characteristic of tolerant plants. However, the scoring for this trait was more dif®cult, and less reliable, and it was not used in subsequent analysis. One problem was that lines suffered varying degrees of damage depending on their tolerance to the stress, and this could have affected the recovery score.
The cold tolerance of rice at the seedling and late vegetative stage is dif®cult to measure in a single test because of the complexity of injuries and symptoms caused by low-temperature stress. Based on the visual symptoms and injuries induced during treatments at 9°C constant temperature, 25/9°C day/night temperature treatment and 12°C constant-temperature regime at the late vegetative stage under varying scoring dates, cold tolerance could be classi®ed by at least four measurements. CT was scored based on the visual scale at 25/9°C regime that approximates a cool night and warm day. The seedlings treated under this condition did not reach wilting, withering or death, but suffered severe stunting and leaf yellowing as the duration of stress was prolonged. CIWT approximates the treatment condition and injury type observed by Nagamine (1991) . IR50, being a susceptible tropical indica, started to develop the symptom as early as 7 d of treatment whereas M-202 could tolerate more than 18 d. Seedling wilt or withering and death could be a complex of dehydration or excessive necrosis leading to additional categories for cold tolerance, CINT and CIYT. These two categories were measured using older plants to provide a more accurate measurement than at seedling stage. Older plants exposed to cold stress showed damage quicker than the young seedlings. Since damage was more pronounced, it was easier to score tolerance, especially leaf colour differences and necrosis. Necrosis appeared as brown spots on the stem and yellowing of the leaves even for a treatment as short as 5 d at 12°C constant temperature. Kwak et al. (1984) observed this injury type by using 10-d-old seedlings for a 10 d treatment at this temperature.
Identi®cation of QTLs
The QTLs detected for the four cold-tolerance categories are presented in Table 2 . In all traits, the critical LOD threshold calculated using the chi-square approximation was 3.52 and 4.22, at P=0.05 and 0.01, respectively. This Table 1 . Distribution of means for overall cold tolerance (CT), cold-induced wilting (CIWT), cold-induced necrosis (CINT), and cold-induced yellowing tolerance (CIYT) for IR50, M-202 and the RILs Multiple scoring periods were made to assess cold tolerance based on the observed primary sign of cold injury using the scale from 1 (tolerant) to 9 (susceptible). The signi®cance of skewness and kurtosis of the RIL mean distribution was indicated for the four traits. threshold level is higher than the level of LOD=2.5 to 3.0 used in many other studies. The higher LOD threshold level was set to reduce false positives and to focus on the more signi®cant QTLs with higher contribution to the phenotypic variation. For all QTLs detected, only three showed a positive effect of the allele from IR50 (Table 2) . A major QTL (LOD=20.34) controlling CIWT was identi®ed on chromosome 12 with an average contribution of 41% to the phenotypic variation ( Table 2 ). The QTL, designated qCTS12a, was within a 3.8 cM interval¯anked by RM101±RM292 proximal to the centromeric region. Four other minor QTLs, with individual contributions to the phenotypic variation ranging from 8.7 to 12.7, were identi®ed.
Six QTLs on different chromosomes were identi®ed that in¯uenced CT, accounting for a total of 46% of the phenotypic variation (Table 2 ; Fig. 2 ). The QTL identi®ed on chromosome 4, designated as qCTS4-1, accounted for about 21% of the phenotypic variation. This particular QTL was also responsible for tolerance to cold-induced stunting at 28 d of treatment, accounting for 30% of the phenotypic variation (data not shown). Since the scoring for CT was based on leaf yellowing and stunting of seedling growth, similar to the injury observed by Kwak et al. (1984) , the results might suggest that one of these detected QTLs was the major gene Cts1(t), speci®cally the one identi®ed on chromosome 4. The QTL qCTS1, appeared to map near one of the QTLs identi®ed by Misawa et al. (2000) on rice chromosome 1.
The regions on chromosomes 8 and 12 responsible for CIWT were also detected for CINT with an additional QTL on chromosome 11 that mapped near one of the loci identi®ed by Misawa et al. (2000) . For CIYT, a single QTL on chromosome 4 was identi®ed that accounted for 14% of the phenotypic variation. Unlike wilting and necrosis, leaf yellowing as a visual manifestation of cool-temperature damage was more dif®cult to score and less precise. It also took a longer duration of stress before the symptoms were manifested, requiring that the trait be rated several times.
Since the intensity of cold stress corresponds to that used by Nagamine (1991) , the major QTL on chromosome 12¯anked by RM101±RM292 is probably the Cts2(t) gene as reported earlier. This QTL was not involved in CT con®rming the observation that a different set of genes are involved in tolerance to chilling-induced wilting and tolerance to leaf yellowing (Nagamine, 1991) . Interestingly, a relatively minor QTL for a percentage of undeveloped spikelets resulting from cold stress at the booting stage was found at this location (Andaya and Mackill, 2003) .
Twelve regions on all chromosomes, except chromosomes 2, 5, 7, and 9, contributed to overall cold tolerance at the vegetative stage (Fig. 2) . A region¯anked by RM35± RM230 on the long arm of chromosome 8 controlled CT, CIWT and CINT. A major gene within the interval RM101-RM292 on chromosome 12 was associated with tolerance to wilting and necrosis. The QTL was particularly interesting because it was detected in seedlings as well as on older rice plants subjected to low-temperature stress. A QTL with a relatively small effect on undeveloped spikelets was observed at this locus in a previous study on tolerance at the booting stage using the same population (Andaya and Mackill, 2003) . It is not known if this effect resulted from the same QTL. At present, thousands of rice microsatellite markers (McCouch et al., 2002) are available commercially that would enhance the power of QTL mapping. If the new markers around the putative QTL regions prove to be polymorphic, it will be possible to identify closely-linked markers that may be used for marker-aided selection or for ®ne-mapping and ultimately cloning the genes of interest. Additional QTLs may also be detected if the large gaps on the genetic map are ®lled. A further addition of microsatellite markers on the target QTL regions is now underway.
Conclusion
In this study, several QTLs associated with cold tolerance in rice were identi®ed under a controlled-environment condition. Since the type of cold injury may vary depending on stress level and duration of exposure, and the complex nature of plant response to tolerate cold stress, visual damage to seedlings exposed to low-temperature stress was assessed. The major QTL on chromosome 12, associated with tolerance to wilting and necrosis, was particularly interesting and it may be useful as a target for varietal improvement and positional cloning. In the ®eld, adequate cold tolerance at the seedling stage may allow early sowing, because cold-tolerant seedlings should be able to survive and develop normally, thereby ensuring uniform crop establishment. Since the QTLs here were identi®ed from growth-chamber studies under severestress levels, the usefulness of these QTLs should, therefore, be evaluated under ®eld conditions.
